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Abstract relate directly to terrestrial or space-based applications.

Combustion tests were carried out on the Mir For most flames burning on Earth, the effect of
Space Station. Flat sheets of paper, po]yethy|en@raVity is dramatica"y manifested: hot air prOduced by
insulated wires, cylindrical cellulosic samples, and canthe flame tends to rise because of buoyancy. This cre-
dles were burned in microgravity. The test parametergtes flow effects that can complicate or completely
included Samp|e Size, fuel preheating |eve|s’ and |0Wma5k elements essential to Understanding the combus-

speed air velocity. tion process.

Data were collected mainly through video A number of reviews examine the role of
cameras, audio recordings of crew observations, and 3810yancy in combustion. Lawliscusses opportunities
mm still pictures. For many of these tests, thermocouProvided by a microgravity environment for funda-
ples permitted the recording of temperatures of the ga¥ental combustion research, reports on progress in mi-
phase flame and/or solid fuel. After the flight, thecrogravity combustion research, and emphasizes the

flame images and temperature data were compared Retential of fire hazards in space and the challenges to
numerical simulations. devise rational fire prevention strategies. He places

such studies in the larger context of unsolved or

Several unique phenomena were observed an@merging combustion-dominated problems, including
the results have implications for spacecraft fire safety€nergy conservation, air pollution, surface transporta-
These include the influence of airflow, fuel melting andtion, aeropropulsion, hazardous waste incineration,
bubbling, and fuel-vapor generation, and condensatiomaterials processing, and global warming.

after the flame extinguished. o, _ )
Williams® presents the conservation equations

Introduction of combustion, with relevant nondimensional parame-
ters identified, for focusing on the role of buoyancy.

In recent years, the number of combustionHis objective is to indicate ways that microgravity
experiments utilizing a microgravity (or “weightless”) combustion experiments can be devised to investigate
environment has increased dramatically. While percertain aspects of chemically reacting flows not readily
forming such experiments continues to be challenging?tUd'ed in normal gravity. Potential areas for advances

the resulting data are unique and easier to model, arll Understanding combustion through microgravity ex-
periments are listed.

*National Center for Microgravity Research, Senior

IT\/Iember _ Faethi reviews gaseous flame research as it
. NASA Lewis Research Center relates to microgravity. He lists two major findings:
§C:’_:lS(? Western Reserve University First, that only experiments in microgravity can resolve
1]l\/IISSIS_SIppI State Un|v_er5|ty many fundamental issues of combustion science; and
#Washmgton State University _ second, that flame processes at microgravity and nor-
Renewable Resources Associates mal gravity are usually very different. These findings

both justify studying flames in microgravity, and raise
Copyright® 1999 by the American Institute of Aero- concern about the relevance of earth-based fire-safety
nautics and Astronautics, Inc. No copyright is assertetechnology to spacecraft environments.
in the United States under Title 17, U.S. Code. The
U.S. government has a royalty-free license to exercise More recently, King and RoSdiscuss the im-
all rights under the copyright claimed herein for Gov-portance of microgravity to the study of fundamental
ernmental purposes. All other rights are reserved bgombustion phenomena and present an overview of the
the copyright owner.
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past and current NASA microgravity combustion pro- Hardware Description
gram.

MirGBX The three experiments were con-
RosS, who documents the accidental fire ducted inside the Microgravity Glovebox (MirGBX).
aboard the Mir Space Station in February, 1997, furthefhe MirGBX provides an ergonomical and sealed
reinforces the need for microgravity combustion ex-working volume designed to handle biological, fluids,
periments from a different viewpoint. This event is acombustion, and materials experiments that might in-
reminder of the importance of understanding fire charvolve small quantities of potentially hazardous sub-
acteristics, detection, and suppression in microgravitystances. As an experiment platform, the MirGBX pro-
Not only are huge investments in capital equipment atides power, cooling, film and video imaging capabili-
risk, but so are the lives of people in the extreme andies, isolation from cabin lighting, and a level of con-
hostile environment of outer space. Ross makes th&@inment for the combustion products. The MirGBX is
further link to the on going and planned mission toa multi-user facility developed by the European Space
Mars, which presents even larger challenges and perilkgency/ESTEC with Brunel Institute for Bioengineer-
than mere Earth orbit. ing (United Kingdom), and Bradford Engineering (the
Netherlands) under contract with Teledyne Brown En-
This paper presents results from three com4gineering for the NASA Marshall Space Flight Center.
bustion science experiments that were conducted
aboard the Mir Space Station. Each of them have been The three combustion experiment payloads de-
described more fully in other documents, and are described here were all built specifically for operation in
scribed here collectively to demonstrate trends relatethe MirGBX by the NASA Lewis Research Center.
to fire spread in microgravity.
FEET The hardware consisted of a test mod-
The Forced Flow Flame spreading Testule, which was a miniature, low-speed wind tunnel; a
(FFFTY examined the combustion of thin cellulosic hand-held control box; and a set of eight fuel sample
sheets of fuel and electrically heated polyethylene cylassemblies (fig. 1). The test module was a metallic duct
inders. The Opposed Flow Flame Spread (OFFS) exwith an inlet section, where air velocity measurements
periment investigated the combustion of cylinders of were made, and an outlet section where the fan that
paper. Finally, the Candle Flames in Microgravity moves the air was located. The test section in the mid-
(CFM) experimeritstudied the behavior of candles in dle was isolated from the inlet and outlet sections by
different configurations. While providing fundamental small mesh screens that conditioned the air flow, ab-
scientific data, these experiments have direct applicasorbed the heat of the flame, and prevented the escape
tion to understanding the combustion phenomena thaif any particulates (like soot) created during the burn-
underlie the engineering of fire prevention, detectionjng.
and suppression practices.
The front of the test module was a window
The Mir fire incident mentioned above oc- that opened to provide access for installing and remov-
curred during the mission on which one of these exing fuel samples. An additional fixed window was lo-
periments was performed. Astronaut Jerry Linengecated on the top of the duct. Thermocouples located
described his experience with the OFFS tests in thgear and inside each fuel sample provided measure-

context of the potentially life-threatening fire from the ments of both fuel and flame temperatures. The tem-
solid oxygen canister: perature values were presented on digital displays in the

front window of the test module.
“The biggest joy is conducting good experiments, and ) ] ]
| had some very interesting things. One is looking in a A video camera simultaneously imaged the
glovebox at flame propagation, and after the fire, after  flame, the six thermocouple displays, and an air veloc-
seeing the real thing and then being able to experi- ity or anemometer display by viewing the front window
ment, change ventilation rates, things like that, it was  of the module. A 35mm camera provided high-
very interesting.® resolution still images of the flame through the top

. . , , . window of the module.
A direct application of microgravity combustion ex-

periments is spacecraft fire safety, and the Mir fire un- Eight fuel samples of two different types were
derscores this connection. flown. The first four samples were flat paper (cellulose)
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sheets of different thicknesses lying in a plane parallel5% on USML-1) yielding less resistance for oxygen to
to the flow; the remaining four samples were 1.5-mmdiffuse to the flame and combustion products to diffuse
diameter cylinders of polyethylene formed around araway from the flame.
inert core that could be heated electrically (conven-
tional electrical wire insulation). The axes of the cylin- Thermocouples provided gas phase tempera-
ders were aligned with the flow direction. Ignition wasture data, and a radiometer measured incident radiation
achieved using a separate electrically heated wire. from the candle flame. A single point oxygen sensor
was installed to provide a record of the local oxygen
The flat samples provide a two-dimensional concentration.
geometry in rectangular coordinates for ease of model-
ing. Cylindrical samples were chosen because their The ignition system was a coiled 250 pm alu-
axi-symmetry is also more easily modeled. In additionminum alloy wire heated with a current of approxi-
the cylindrical samples resemble electric cables, whiclmately 3 amperes. For all of the experiments, the ig-
may be involved in the most likely spacecraft fire sce-niter was on for a preset time of 4 or 5 seconds. This
nario. was sufficient to ignite the candle in almost all of the
tests.
The test module was operated using the con-
trol box, located outside the MirGBX and linked to the A variety of candle types were flown. There
test module through a connector in the MirGBX frontwere 79 total candles supplied with the hardware with
door. The cellulose tests were conducted in approxithree different wick diameters (approximately 1, 2 and
mately 21-23% oxygen, the polyethylene in approxi-3 mm), two different candle diameters (5 and 10 mm)
mately 25% oxygen. and two different lengths of initially exposed wick (3
and 6 mm). All candles were 2 cm in length. Oxygen
OFFS The experiment utilized two slightly- concentrations were 22-25% at the time of testing.
modified FFFT test modules (one each for low-speed

and high-speed flow) as described above, along with Results
different fuel samples (fig. 2). This hardware flew pre-
viously aboard the Space Shuttle during STS-75. The Paper Sheets (FEFT) The effect of varying fuel

main difference with the FFFT hardware was the inthickness at a constant flow speed of 2 cm/s was ex-
stallation of an improved fan control circuit, and theamined for four different samples, having area densities
replacement of one of the thermocouple displays with #mass density times half-thickness) of 1.0, 4.0, 16, and
fan speed indicator. 40 mg/cm.

All OFFS fuel samples were paper (cellulose) Typical flame images are shown for each test
formed into cylinders of different inner and outer di-in fig. 4. The fuel is viewed edge on, so the left and
ameters. Three were 7 mm outer diameter, and wemright flame halves enclose the fuel symmetrically. The
mounted on ceramic cores 3 mm in diameter, for a wakkamples are ignited at the bottom and the flow direction
thickness of approximately 2 mm. Three were 12 mms from bottom to top, yielding the concurrent-flow con-
outer diameter which were solid at one end and hollovfiguration. (In some cases, glowing thermocouple leads
at the other, on 8 mm diameter cores for a 2 mm waltan be seen.)
thickness again (the igniter was located at the hollow

end). The remaining two samples were 12 mm diame- Note that the flames are wide, dim, and mostly
ter and were solid. Oxygen concentrations were beblue. The wide flames are due to small airflow speed,
tween 20-23% at the time of testing. and the dim blue flame is due to slow oxygen transport.

The second sample burned anomolously because it was

CEM The design of the Candle Flames in Mi- manipulated after a failed first ignition attempt. Failure
crogravity Experiment was based on the earlier experief the second sample to ignite before the airflow was
ment conducted aboard the Space Shuttle USML-1 mignitiated indicates the necessity of flow for material
sion and described in detail elsewhHére The main flammability in that atmosphere.
module (fig. 3) of the experiment was a 20 cm cube-
shaped wire mesh screen (as opposed to the 12.5 cm In normal-gravity upward burning of paper,
perforated Lexan box used on USML-1). The screetnigher speed buoyant flow provides oxygen sufficient
provided more than 50% free area (this was less thato support plentiful soot production with narrow, bright,
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yellow flames. Higher flow velocities cause the flames Normal gravity flame spread behavior of iden-
to accelerate continually, becoming long and turbulent.tical fuel samples is quite different than the FFFT re-
sults. In addition to the removal of significant fuel
Fig. 4 also shows approximate flame propagafrom the flame by dripping, buoyant airflow carries
tion rates of the FFFT samples. The disappearance gbot quickly through the flame, preventing the extended
the fuel leading edge, termed the flame base spreagtowth of soot agglomerates.
rate, varies inversely with fuel thickness, consistent
with theoretical predictions. Because of the constant Table 1 shows a summary of the flame-spread
ignition power used for each sample, the initial flamerates of the polyethylene samples. The spread rates
lengths shrank for the thinner samples and grew for thancrease with increasing airflow velocity, consistent
thicker samples. with predictions in low speed flows. Additionally, the
spread rates are higher for concurrent flow than for op-
Temperature traces for one case are shown iposed flow at comparable airflow velocity.
fig. 5. Three of the thermocouples were initially

mounted on the solid fuel. These indicated temperaj Table I. FFFT Polyethylene sample flow condi-

tures show the fuel heat up, plateau while the fuel unq tions and spread rates in 25% oxygen.

dergoes pyrolysis and vaporization, then rise to flame

temperatures after the fuel disappears and the flame Flow Speed | Flame Base Spreat

passes. The relatively cool peak flame temperatures  1oqt (cm/s) and Rate (cm/s)

(compared to normal gravity) are consistent with the direction

flame’s dim, blue color and are too low to encourage

soot production. 1 (Mir) 2 (Concurrent) 0.16
Polyethylene Cylinders The polyethylene cyl- g Em:g i Eggrr:(?jr(‘erg)nt) gié

inders were heated to between 85 and 100 C prior tg 4 (Min) 1 (Opposed) 0'11

ignition by resistance heating the wire core. Two of the
cylinders were ignited in a concurrent flow, the other
two in opposed flow.

Paper Cylinders (OFFS) The samples and ig-
niters were arranged to yield opposed-flow flames.
n,f:ontrary to the polyethylene cylinder tests, these sam-

Figure 6 shows two sequences of images fro | t heated.  Theref bstantial
the polyethylene samples. As the flames spread, tHgeS were not preneated. eretore, a substantia

fuel melts and flows into a transparent ellipsoidal beadamcilmt ?f (lenergy retlﬁa?;ad by the (fjlame was used to
In each case, the molten fuel bead grows during flamBeat the fuel core as the flame spread.
spreading and remains inside the flame. As the beads

of molten fuel grow, fuel vapor bubbles gradually form SO .
then burst, releasing small jets of fuel vapor that briefI)FOUId be ignited: all three of the samples with the small

distort the flame (seen in the images as a random flufiameter, and one of the larger samples. The remaining

tuation in the flame shape). Bursting bubbles also eje grge _samples could not be |gn|ted. Possible expla_na-
lons include a reduced cabin oxygen concentration

small flaming particles that are carried downstream, - :
When the flames reach the end of the fuel sample, thl@.'e'ng too low (about 20%) compared to earlier tests,

and the possibility that radiative losses from the fuel

flame behavior is completely dominated by the forma- . e
tion and bursting of fuel vapor bubbles. In each Casesurface (area) and flame (volume) increase sufficiently

the fuel is completely consumed by the flame. In nor-w'th sample radius to render the sample not flammable.
mal gravity tests, melting fuel flows or drips downward,

exiting the flame zone.

Of the eight samples that were flown, four

In fig. 7, the evolution of two of the flames
over the smaller cylinders is shown as a function of
ime. As with the paper sheets, the flames are dim and
lue. The spread rate more than doubles as the flow

eed is increased from 3 to 5 cm/s. This is completely

In contrast to the cellulose samples, soot wa
emitted from the flames in very long or continuous ag-

lomerate thr . Earlier tests of this t nductet} . ; ;
glomerate threads arlier tests of this type conducte ifferent from the trend in normal gravity where in-

aboard the Space Shuttlshowed similar long threads o the airf ah d rafdand
and primary particles slightly larger than soot primariescrea"SIng € airflow maglecreasehe spread ratean

collected from identical samples in normal gravity. ;g?ngrﬁztbsili:;]e importance of the flow to the material
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The only large diameter sample that was Figure 9 shows flame dimensions (as defined
burned had a partially hollow core, as described earliein fig. 8a) as a function of time for a typical Mir candle
The intention of this test to to seek a flow velocity atflame with a relatively long lifetime. The flame size
which the air flow was insufficient to sustain the flame.increases for the first 75 sec of the flame lifetime, after
The sample was ignited at a relatively high flow veloc-which the flame size remains relatively constant (D
ity (9 cm/s), but as hoped the flame went out as the veeemains constant, but H decreases slowly). This change
locity was subsequently reduced to approximately 5n behavior at 75 seconds corresponds to the time of the
cm/sec. collapse of the liquid wax. H/D is nearly steady until

the collapse occurs after which it continuously de-

Candles Unlike the flames presented earliercreases until extinction.
the candle flames had no airflow imposed on them and
so were exceptionally dim. The MirGBX color video Figure 10 shows the flame diameter (D) as a
cameras lacked sufficient low-light sensitivity to ade-function of time for the three different wick sizes. As
guately image them. Additionally, a concern about filmexpected the larger the wick size, the larger the quasi-
fogging (owed to long-term exposure to cosmic radiasteady flame size. The mass burning rate of the candle
tion while in space) precluded the use of high-speed 38ame should also be a function of the candle wick di-
mm film. The ASA 200 film that was used resulted inameter. The three different wick sizes give burning
very long open-shutter times. The combination of im-rates that varied from 0.9 to 1.4 mg/s in normal gravity.
aging system weaknesses reinforced the critical imporfhe reduced gravity burning rates (based on the candle
tance of astronaut observations in describing the proanass before and after the experiments) varied from
esses. approximately 0.2 mg/s for the smallest wick size to 0.6

mg/s for the largest.

Qualitatively, all of the candles burned simi-
larly in the following ways. Immediately after ignition, With the MirGBX working lights on, it could
the flames were very luminous and near spherical ttbe seen that there was a significant amount of aerosol
hemispherical. As the burning progressed, heat feegroduced at the base of the flame near the candle
back from the flame rapidly melted the wax. For the 5Sholder. The aerosol was in all likelihood condensed
mm diameter candles, all of the exposed wax meltegaraffin produced from the flame vaporizing the wax.
within 2 minutes of ignition. In comparison, the ex- It moved along the candle, exited the flame (perhaps
posed wax melts in about 10 minutes in normal gravitycarried in the boundary layer produced by the liquid
The shape of the candle and wax then looked as in figvax flow), and condensed as it get far enough away.
8(b). After some time, this molten ball of wax becameThroughout the lifetime of the flame, aerosol streamed
unstable and ‘collapsed’ suddenly as it moved baclout from the base of the candle and formed a ring
along the candle holder as shown in fig. 8(c). After thearound the inside of the candle box. This last observa-
collapse, the yellow luminosity disappeared and thdion was not evident on the video camera, but described
flame became and remained dim blue until extinction. in detail by the crew. After flame extinction, there was

also a large, spherical vapor cloud that surrounded the

The flame lifetimes varied from slightly over candle and was centered at the wick.

100 seconds to over 45 minutes. The candles with the

largest wicks had the shortest flame lifetimes and the Modeling The numerical models for these

candles with the smallest wicks had the longest flam@élame systems are described in detail elsewHé&rg.

lifetimes. The actual flame lifetime for seemingly Selected comparisons of these models with experiment

identical candles varied significantly in some cases. are presented here. Fuel consumption rate contours are
compared directly to the flame. These contours are the

The spontaneous, pre-extinction flame oscilla-best indicator of the blue visible flame in models with
tions (observed to last only a few seconds in thene-step kinetics. In order to achieve the best agree-
USML-1 testd) also occurred with the Mir flames, and ment with experimental data, Grayson et alsed w=
persisted up to 90 sec for the two larger wick diameter€.1 mg/s crhto represent the edge of the blue flame
(Oscillations could only bénducedin the experiments (minimum visible reaction rate) in related solid-fuel
with the smallest wick diameter while the thermocoupleflame-spread modeling, and the same value is used
was positioned close to the flame.) here.

In modeling the candle flames, comparison
between the computed flame shape and the experimen-
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tal photographs shows good agreerfiertowever, the crogravity, and together with modeling results, these
numerical model produces a more hooked base thasxperiments have provided insight into the underlying
was present in the experiment, probably due to the aghysics of combustion of solid materials.
sumption that the fuel source in the model is a sphere,
whereas experimentally it is more cylindrical (see fig. The transfer of oxygen to the flame is crucial
8(a) for a depiction of the model geometry). in determining its strength and viability. The candle
flames, which were in quiescent environments, relied
A sample of the results is shown in fig. 11(a) solely upon diffusion and “self-generated” flow (aero-
at 0.23 mole fraction oxygen ambient. (Only one-half ofsol streaming description earlier, e.g.) for transport of
the picture is shown because of symmetry.) The comits reactants. While the flames were quite weak, as
puted peak temperature is around 1710 K and a co@videnced by the fact that the video cameras could not
zone exists near the wick (or cold rod). Figure 11(bjmage them, they persisted for a very long time, in fact
shows the fuel-vapor mass-fraction contours. Some fudbnger than in normal gravity.
vapor leaks out from the inside of the flame because of
the quench layer near the wick. Similarly oxygen, The fact that a flame can be established in a
shown in fig. 11(c), diffuses through this cool zone intoquiescent environment has implications for fire safety.
the fuel-rich zone between the flame and the wick, thu€learly, sometimes it may not be adequate to merely
creating a small partially premixed region. Figure 11(d)turn off the air circulation to extinguish a fire in a
is a plot of the fuel vapor reaction (consumption) ratespacecraft. More localized detection and active extin-
contours. Figure 11(d) clearly shows a quench zonguishment would be needed in such cases. In addition,
near the wick. (This zone provided a path for the aerosmoke detectors would be unable to sense these kinds
sol to stream out of the flame, as described earlier.)  of weak, non-smoking flames. This failure may often
be moot, as the invisible flames would likely be too
In recent preliminary work, the near-limit weak to spread or ignite surrounding material.
flame oscillations observed experimentally have been
simulated numerically. The frequency is similar to that In the experiments examining the combustion
observed experimentally (but at a much smaller ampliof solid sheets and cylinders, there is always a slow
tude), and the nature of the oscillation is sinfilar flow of air supplied to the flame. The effect of the flow
is dramatically seen as small changes lead to significant
The computed flant& for combustion of the variations in flame size and spread rate.
thin paper sheet of FFFT sample 1 is shown in fig. 12.
The curvature of the visible flame is in good agreement Liguid Fuel Effects The polyethylene cylin-
with that of the computed reaction rate contour. Thelers and candles produced molten fuel, which in turn
visible flame is longer than predicted, however, butled to significant fluid-mechanical effects. In these
note that the flame is shrinking throughout the test timetests, the flame developed, and eventually melted all the
The model also predicts a spread rate of 0.59 cm/se@emaining fuel in an increasingly large molten mass
compared to the measured value of the flame tip propaield together by surface tension. The liquid fuel acted
gation of 0.58 cm/sec. The predicted peak temperaturas a large stable reservoir feeding the flame for a very
of 1345 deg. C is compared to the measured value dbng time.
1177 deg. C from uncorrected thermocouple signals.
These comparisons show good agreement, even though In normal gravity upward and horizontal
the computed flame is steady while the observed flamburning tests, the fuel tended to drip off and not be con-
is shrinking. sumed. Absent this effect, thetal amount of heat (and
product gases) released in microgravity can be larger,
Importance of Air Flow Air motion (or lack of even though the rate of fuel consumption is smaller.
it) is an important factor in determining flame charac-Therefore, for fuels that melt, relying on a normal
teristics and material flammabilify**  In normal  gravity assessment for the microgravity fire hazard can
gravity, buoyancy forces prevent the study of low-speedbe quite misleading.
airflow on flames. However, in microgravity, zero-
speed or very low-speed forced flows provide access to The generation of the wax vapor (or aerosol)
test regimes where other mechanisms, such as radiatiobserved for the candles implies that a significant
heat transfer, control flame characteristics. By examount of fuel escapes the flame. This is possible be-
ploiting the unique flow environment afforded by mi- tween the wick and the flame, where the quench zone
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provides the path for mass transfer to the surroundingdiameter, implying a dependence on flame size, sug-
(also suggested by the model). The fuel-rich gas in thigests that flame radiative losses may contribute to the
region is pumped out of the flame by the thermocapil-onset of oscillations, as hypothesized by Cheatham and
lary flow in the molten mass of wax, which tends toMatalorf’. Microgravity tests have enabled this obser-
move from the tip of the wick down and away from thevation of the important radiative effects, otherwise
flame. Given the long burning times of the candlesmasked by buoyancy.
even a slow accumulation rate of aerosol mist will
eventually lead to an observable concentration (note Glovebox Limitations While the MirGBX
that there is no sedimentation in microgravity). provided a convenient platform for performing small-
scale combustion experiments, limitations were evident.
Furthermore, when astronaut Dr. Shannon Lu+or the thin sheets of cellulose, the fact that the flames
cid switched the chamber lights on after the candléhad not reached a steady size during their development
flame extinguished, the biggest surprise was the amnd spread suggests that a longer sample is required
pearance of a white ball surrounding the candI&. tip than can be accommodated in this facility. Modeling
The ball is believed to be a fog of droplets that formedesults indicate that a steady state does exist, but be-
after flame extinction, when wax vapor still issuing cause of the size limitations, was not observed in the
from the hot wick condensed in the colder air. Theexperiment.
formation of this flammable cloud served as an excel-
lent reminder regarding fire safety in spacecraft: the For the candle experiments, both the oxygen
hazardous event is not ended when the fire extinguishesnsor and radiometer data lacked sufficient resolution,
because flammable material can continue for some timgince the MirGBX data recorder provided only six-bit
to issue from the source of the fire. digitization (eight-bit performance was anticipated).

Ejection of particles due to fuel boil- The exact value of the local atmospheric oxy-
ing/bubbling is a hazard for space fire, and has beegen content in the glovebox at the time of the combus-
suggested elsewhété? In burning the polyethylene tion tests was close to cabin air, which itself was not
cylinders, small bubbles of gas form in the liquid massxactly known (it varied between 20% and 25%. O
and are periodically ejected from the flame. This bubSpecifically, for the cellulose cylinders that could not
bling and sputtering type of behavior intensified as thée ignited, it is possible that the oxygen content was too
burns progressed (probably due to the liquid heatinéOW compared to the other (earlier) successful tests.
up). In microgravity, these flaming ejecta can travel )
far, providing ignition sources.NASA’s flammability Concluding Remarks .
test (Test 1 of NHB8060.T takes account of this In the range of low-speed flows tested, in-

phenomenon when determining the acceptability of é:.rea_s.ing the flow rate caused the flames to strengthen
material for use in spacecraft. significantly (see fig. 7, e.g.). When the forced air flow

was stopped, the flames self-extinguished. In contrast,
the candle flames persisted in a quiescent environment.
Similar to candles, droplet combustion persists in qui-

close to experimentally measured flame shapes a cent en_viror_1ments, as do othe_r combl_Jstion syStems
hile extinguishment in space is certainly promoted

temperatures. Through parametric studies, the mode T o .
hen ventilation is stopped, it is not always certain that

have shown the importance of gas and surface radiatiot), . 0 L .
in controlling flammability and extinction. Thus the this method will be 100% effective in isolation. Thus

active fire extinguishers are necessary to be incorpo-

weak flames observed can be controlled by radiativ : '
processes. The data provided by these experimen(?t%ted into a complete fire safety strategy for spacecratft.

have made clear the need for detailed consideration of
radiation from microgravity flames, which is of grow-
ing interest.

Modeling Implications Model predictions are

The candle flames obtained were quasi-steady
(and lasted up to 45 minutes), meaning that the flame
was steady over a time period much longer than any
reasonable characteristic gas-phase transport time.
For the candle flames, spontaneous flame 0Sthgge experiments however were conducted in the

cillations are inherent to their near-extinction beha"'or'somewhat enriched oxygen atmosphere of the Mir, so it

The observed frequency was consistent with those see@ming debatable whether they would persist in air.
before in low gravity, and are much less than observed

in normal gravity. The apparent dependence on wick
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vapor ‘cloud’ generation, and flaming ejected particlesGlassman, |.: Flame Spread in an Opposed Forced
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Forced Flow Flame Spreading Test (FFFT)

Flow Exit Flow Module
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Figure 2. OFFS Hardware
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Figure 3. CFM Hardware

Figure 4. Flame Images for Paper Sheets Burning in a Concurrent Flow Speed of 2 cm/s:
From left to right: The area densities are 1, 4, 16, and 40 rAg/cm
The flame base spread rates are 0.84, 0.089, 0.07, and 0.023 cm/s ;
The flame tip spread rates are 0.58, 0.075, 0.082, and 0.044 cm/s.

10
American Institute of Aeronautics and Astronautics



AlAA-99-0439

Sample 3: Area Density = 16 mg/cm?
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Figure 5. Temperature Traces for Paper Sheet Sample 3.

Concurrents

FFFTMIR6

Figure 6. Combustion of Polyethylene Cylinders in Microgravity:
Sequential images are shown from top to bottom; in both cases, the air flow is from right to left.
The concurrent-flow flame spreads at 0.16 cm/s in a 2 cm/s air flow.
The opposed-flow flame spreads at 0.12 cm/s in a 3 cm/s air flow.
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Figure 7. Flames Burning Small-Diameter Cylinders of Cellulose in Opposed Flow.

Sequential images are shown from top to bottom; in both cases, the air flow is from right to left.
a) Flow speed = 5 cm/s; spread rate = 0.16 cm/s
b) Flow speed = 3 cm/s; spread rate = 0.077 cm/s

(b)

Porous

/ sphere

of radius R

Inert cone

Figure 8. (a) Schematic of a microgravity candle flame with relevant dimensions and coordinate system for
numerical model; (b) Candle flame before wax collapse; (c) Candle flame after wax collapse
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Figure 9. Candle flame height, H, and diameter, Bigure 10. Flame diameter as a function of
as a function of time for a candle with a small wickme for three different wick diameters
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Figure 11. Numerical modeling results for a sphere diameter of 1.2 mmin 1 atm,,23% O
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Figure 12. Concurrent-flow combustion of a paper sheet (half-thickness

area density = 1.0 mg/c#): comparison of visible flame to numerically
predicted fuel consumption rate contours. Flow is from left to right at 2 cm/s.
Note that the flame is still shrinking in size, while the model results are steady.
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